Hip resurfacing arthroplasty has been a popular alternative for total hip replacement in young active patients since the early 1990s.
Introduction

History
The concept of hip resurfacing arthroplasty or surface replacement of the hip was originally introduced by John Charnley in the 1950s [1] but had to abandon the idea due to high wear rate [2] . Since then, many surgeons, such as Wagner et al [3] , have been using hip resurfacing arthroplasty as an alternative to total hip replacements (THR). [4, 5] Due to high wear rate and metal plastic debris giving rise to a number of complications, this procedure did not gain popularity among orthopaedic surgeons until the early 1990s.
Modern hip resurfacing
In the early 1990s, there was resurgence in hip resurfacing arthroplasties when McMinn et al. introduced metal-on-metal-resurfacing. [6] Instead of metal-on-plastic, the design was changed to metal-on-metal. Since then, there has been a rapid increase in hip resurfacing throughout the world mainly in Europe, the United Kingdom [7] , and North America peaking in late the 90s and the early part of this decade. [8] The main reasons for this popularity among surgeons were the advantages of hip resurfacing as compared to the conventional hip replacements such as minimal bone loss, less dislocation rates, and easier conversion to a revision. Due to these factors resurfacing was introduced mainly as an alternative to THR in young active adults. [9] Modern hip resurfacing also addressed the problems associated with previous designs. The new design was built using better materials (metal-on-metal), modified surgical techniques including new surgical approaches, and better instrumentation for implant positioning. [10] component. However, the large head increase the surface area and can lead to high wear rates leading to eventual failure. Malpositioning is a contributory factor for the high wear rates. [13] The complications that are more specific to hip resurfacing arthroplasty can be further divided into early and late complications.
The early complications are usually seen within the first weeks to the early years. These are loosening of implants, femoral neck fractures, femoral head notching [14] and AVN. [15] The late complications are set of complications recognized recently, following the long-term outcome of patients. [16] Among these are osteolysis, pseudo-tumours, bone resorption, ALVAL, loosening of components, high metal ion levels in blood, and tissue metallosis. These complications can eventually lead to failure of the hip resurfacing implant. [17, 18] 
Causes of failure/complications in hip resurfacing
Pathogenesis of early complications
It is widely believed that early complications such as AVN, femoral neck fractures, and loosening of implants, are mainly associated with the decrease in the blood flow to the femoral head. Understanding the basic mechanisms of failure in each complication will help us to prevent these at present and design better implants in the future.
Reducing blood flow to the femoral head possibly leading to AVN and implant failure
This has been mainly attributed to the posterior surgical approach that reduces the femoral head blood flow by damaging the branches of the medial circumflex femoral artery. Unlike in THR where the femoral head and neck is removed in resurfacing the neck and part of the head is preserved, the blood flow to this area appear to play a crucial role in the long-term outcome. This is the main reason why many surgeons have challenged the posterior approach. Alternatively many surgical approaches have been tried. Many studies have attempted to demonstrate this by comparing the blood flow between posterior and other approaches [19 -22] . Ganz et al has described trochanteric flip approach as an alternative surgical approach to the posterior approach to be used during hip resurfacing to preserve the blood flow. [23] Even though many studies show a clear drop in blood flow intra-operatively during posterior approach, post-operatively some studies fail to establish a clinical significance and a direct link to this fall as a cause of AVN; other studies show this as a transient drop that recovers during the post-operative period [24] . Some have argued that AVN is not caused by the procedure. [25] Some have even used hip resurfacing as a treatment option for patients having established AVN and Perthes disease. [12, 26, 27, 28] Due to these reasons, many studies have been conducted comparing different surgical approaches when hip resurfacing is performed. This has also led to many different surgical approaches being tried by many surgeons in the past decade. [29] The posterior, poster-lateral [30] , direct lateral, Ganz trochanteric flip [31] , direct anterior [32] , and antero-lateral [33] approaches. [34] Some complications of resurfacings shown in Fig 1A-1C . 
Femoral neck fractures following hip resurfacing
Femoral neck fractures is a common and specific complication of hip resurfacing ( Fig. 1B and  2 ). There are many factors attributed to this including AVN, poor patient selection (patients with osteoporosis such as older age groups, post menopausal female patients), and poor implant positioning that may cause notching. [15] Some also believe that notching may affect the blood flow. [14] Proper patient selection and careful surgical technique is important to minimise neck fractures. [35 -37] The ideal patient for hip resurfacing is the young active adult male. [38] Hip resurfacing in post-menopausal females is not recommended. Hip resurfacing in younger females is a debatable issue among many surgeons as revision rates and femoral neck fractures appear to be higher in females than in males. [39] Bone density and good bone stock appear as an important feature to prevent complications. [40] Obesity is another risk factor for neck fractures. [35] Figure 2. X-ray of a femoral neck fracture following hip resurfacing arthroplasty
Loosening of components
Loosening of components is another cause for early and late failure of resurfacing, mainly acetabular failure, in young adults. [41] Loosening can be further divided to acetabular, femoral or both. Loosening of components can be due to many reasons. Poor positioning, poor cementing, poor surgical technique, and infection can all cause loosening. Even though cementing of both components are common, some prefer cementing the femoral head with un-cemented acetabular component, while some do not use cement at all. [42, 43] Initial failure rates for cemented acetabular component were high and led to the re-introduction of the cementless components. [44] If cement is used, the cementing technique becomes a key factor in improving long and short-term results. [45] Another complication associated with cementing is the possibility of thermal necrosis ( Fig. 3 ) that can lead to loosening and this needs to be minimised for better outcomes. [46] 
Pathogenesis and possible mechanisms of failure in late complications
Most late complications that lead to eventual failure of the implants seem to be associated with high wear rates leading to increased metal ion released to soft tissues and blood leading to the following changes: 
Bone resorption
Pseudo-tumours have been reported [47] following resurfacing arthroplasty ( Fig. 1C and 4 ).
In a Canadian study of around 3,400 hips, pseudo-tumours were reported in four, giving a prevalence of 0.10%. [48] .
The commonest hypothesis suggested for pseudo-tumour formation is the release of metal ions due to the increased surface area and malpositioning of implants. [49] This triggers a delayed Type lV hypersensitivity reaction leading to osteolysis and ALVAL presenting as pseudo tumours. [50 -53] Acetabular component malpositioning appear to cause more ALVAL formation due to high wear. [50, 54, 55] Blood metal ion levels, mainly Cobalt and chromium (Co and Cr), have been found to be high following resurfacing arthroplasty but the link between high blood ion levels and the formation of pseudo-tumours is not well established. [56] Some studies suggest the presence of asymptomatic pseudo-tumours with high blood ion levels among patients after resurfacing arthroplasty (RA). [57] Blood metal ion levels may be high following both THR and RA, as many studies suggest [58 -61] , but the local effect on the hip may differ between the two. Common cause for aseptic failure of acetabular component is most likely due to osteolysis triggered by the metal particles. [62] 
Hypothesis of late failure in hip resurfacing
After considering multiple factors that seem to contribute to the eventual failure of the resurfacing implant, I have recognized two possible pathways that may lead to the failure of the implant in the late stages. These are:
Uncoordinated osteoblast-osteoclast activity
This process seems to be similar to the process seen in fracture healing. However, compared to fracture healing, which occurs in a well-coordinated systematic stepwise manner, here it happens haphazardly. In osteoblastic activity, new bone formation and signs of healing is seen in one part of the bone; simultaneously, osteolysis bone breakdown and remodelling with osteoclastic activity is seen in the other end. Bone remodelling is a process that is essential in the healing of a bone where a fine balance exists between osteoclastic activity and osteoblastic activity. When this fine balance is broken, uncontrolled osteoclastic activity can cause destruc-tion on a large volume of the femoral head leading to complete osteolysis and bone resorption. This is an uncoordinated process and as long as the initial stimuli that triggered remains, the process seems to continue and eventually leading to bone resorption.
This can present as loosening, pain, malpositioning, and femoral neck fractures. Over activity of osteoclasts initially lead to focal areas of destruction ( Fig. 10 ) that eventually leads to osteolysis of the whole femoral head (Fig. 13 ). However, in patients where osteoclasts and osteoblast act in a normal coordinated way, well-formed new bone growth can occur resulting in a well-fixed and stable metal/cement bone interface (Fig. 12 ). The factors that cause increased uncontrolled osteoclasts activity are not clearly understood. This is an area that will need further research. In this series, we found both patterns in patients. A hypothesis of the probable pathway is given below (Fig. 8 ). 
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In contrast, patients showing loosening, gross osteolysis, bone resorption, show high osteoclastic activity with absence of osteoblastic features or new bone formation.
However, we also noted that both groups show good vascularity with active bones with good blood supply. 
Immune response to foreign bodies leading to delayed hypersensitivity
This mechanism is more established as a number of studies has looked into metal ion release, osteolysis, pseudo-tumour formation, and ALVAL formation.
Metal ions have been implicated as triggering a foreign body type reaction leading to a delayed Type lV hypersensitivity. This has been attributed as a final common pathway leading to osteolysis bone destruction and failure. [51, 52, 57, 60] This may be a cause for unexplained groin pain seen in most of these [63] (Fig 13) .
It is also worth mentioning that foreign body granulomas or pseudo-tumours per se may not lead to osteolysis. They can remain asymptomatic. [57, 47] However with time, as they grow in the bone and the under surface of the implant, they can act as a space occupying lesion separating the bone from the metal leading to loosening and malpositioning.
Secondly, they can also trigger immunological reactions that lead to osteolysis and femoral head resorption. As there is no direct evidence for this, this is another area that warrants further investigations and research.
Conclusions
There are many areas where new studies can be done to improve our understanding of the causes and mechanisms of failure of modern metal-on-metal hip arthroplasty.
As we have demonstrated, the causes for failure seem to be multifactorial (Fig. 14) partly due to the mechanisms that are well understood and partly due to mechanisms that at present are ill understood such as persistent groin pain and influence on metal ions.
We might have to rethink the design, taking into account that these biological factors such as femoral head and head neck are developmentally, functionally, structurally, and histologically different bones from the cortical bone. The interaction between metal and bone or cement and bone is different between the two bone types. Secondly, fixing the implant into the most mobile portion (ball of the hip joint) seem to act as a stimulation to trigger many biological responses and inflammatory reactions and immune reactions leading to new bone formation (osteoblastic response) or osteolysis (osteoclastic response). 
Aseptic necrosis
Cancellous vascular bone with high bone activity Figure 14 . Mechanisms that may lead to immune response seen following hip resurfacing arthroplasty
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Micro movement, caused by the loosening and release of high metal particles, made worse by a large diameter head in an environment of high bone activity with good vascularity and healing, in the femoral head seems to trigger ill-understood immune response that is osteoclastic in nature. As the fixation of the femoral component is totally dependant in this area of bone, any microscopic osteolysis can lead to loosening leading to further osteolysis and leading to a vicious cycle (Fig. 15 ). One option is to break this vicious cycle by having at least a part of the fixation in a less active cortical bone. The exact relationship between the vascularity of the femoral head and the outcome of resurfacing arthroplasty is not well-established. On one hand, it is argued that vascularity is an essential element for the healing of the resurfaced femoral head to obtain a well-fixed component at the metal bone interface.
However, in spite of good vascularity, cementing can cause thermal necrosis (Fig. 3) at the cement bone interface; but all these implants do not seem to fail. "Does thermal necrosis result in failure of resurfacing arthroplasty?" is a research question that is worth exploring.
Secondly, a good vascular supply can act as a double-edged sword as it enhances bone activity, and with that can stimulate osteoclastic and immune responses (Fig. 13 ).
These cast doubts whether the trochanteric flip approach is necessarily a good thing as the bone activity in this approach is much higher than other approaches due to the additional osteotomy.
Thirdly, in patients who had AVN caused by non-surgical causes resurfacing arthroplasty [26, 64, 65] or partial resurfacing [66] has been used as a mode of treatment. Therefore, it is worth studying the long-term outcomes in this group in order for us to understand the relationship between vascularity and hip resurfacing.
This retrieval analysis did not demonstrate any relationship between the development of AVN and surgical approach.
One key drawback in finding the exact relationship between vascularity of the bone and AVN is the inability to work out the "critical ischemia" for bone tissue (minimal blood flow needed to keep the bone alive). Experiments that may help us to determine the "critical ischemia" of the femoral head will help us answer this question. [22] Another limitation is difficulty in finding the bone activity in the femoral head covered by the metal implants. Even though SPECT [67, 68] and Positron Emission Tomography (PET) [69] have been used to study vascularity attenuation caused by the metal implants, they cause difficulty in interpreting the results accurately. [24, 70] Table 1 . Follow up of revision surgery for failed hip resurfacing arthroplasty (note groin pain seem to be persistent even after revision in both groups).
According to this study, patients who had a revision for unexplained groin pain had groin pain even years after conversion to a THR ( Table 1 ). The patients who had only a revision of acetabular component had to be revised within a mean duration of 14.5 months (10-16) to a THR due to persistent problems. These lead us to believe either the damage led to the devel-opment of the groin pain that may be irreversible or initial factors that triggered the groin pain persists even after the conversion to a total hip replacement. Therefore, we need to rethink whether THR is the first and the only option in treating patients with persistent unexplained groin pain.
In conclusion, we believe that the failure of hip resurfacing is due to multiple factors, eventually leading to common pathological pathways leading to failure.
The significance of the contribution of each factor to the final pathways is not clear.
The fact that femoral component is fixed in the most mobile area of the joint in a relatively active patient, continuously moving the hip impacting on a relatively weak cancellous bone that constantly attempts to heal, while a large diameter head releasing high levels of metal ions leading to immunological response appear to be a recipe for disaster that finally leads to the failure of metal-on-metal hip resurfacing arthroplasty.
